1. Introduction {#sec1-nanomaterials-09-01531}
===============

The three-dimensional (3D) surface-enhanced Raman spectroscopy (SERS) substrate is a powerful analytical method with applications in the fields of medicine, environmental monitoring, and spectral imaging \[[@B1-nanomaterials-09-01531],[@B2-nanomaterials-09-01531],[@B3-nanomaterials-09-01531],[@B4-nanomaterials-09-01531]\]. Compared to two-dimensional (2D) SERS substrates, the 3D SERS substrate offers two unique advantages \[[@B5-nanomaterials-09-01531],[@B6-nanomaterials-09-01531]\]. Specifically, because a 3D SERS substrate provides a larger surface area and a higher density of so-called "hot spot" zones along the vertical direction compared to a flat 2D substrate, the former allows increased sensitivity and greater enhancement. The other advantage is that a 3D SERS substrate has a more wettable nanostructure, which will improve the SERS sensitivity and repeatability \[[@B7-nanomaterials-09-01531],[@B8-nanomaterials-09-01531]\]. A 3D SERS substrate is typically composed of a combination of nanowires and metallic nanoparticles. The metallic nanoparticles act as sensing units to generate hot spots in association with localized surface plasmon resonance, which greatly enhances the extent of Raman scattering \[[@B9-nanomaterials-09-01531]\]. The nanowires serve as the backbone of the 3D structure and the nanowire array also serves to further increase the repeatability of the Raman signal due to its periodic structure \[[@B10-nanomaterials-09-01531]\]. As an example, Oh et al. reported a 3D SERS substrate comprising a glass nanopillar array with silver nanoislands \[[@B11-nanomaterials-09-01531]\]. This substrate was found to have a high enhancement factor (EF) and increased the SERS signals by more than one order of magnitude compared to a 2D SERS substrate. This improved performance was attributed to the ability of the silver nanoislands to generate a high density of hot spots on both the top and side of the glass nanopillar array \[[@B11-nanomaterials-09-01531]\]. Park et al. used an Ar^+^ plasma to treat a polyethylene terephthalate surface to form polymeric nanopillars. Gold nanoparticles were subsequently generated by evaporation to create a 3D gold-rich nanopillar structure that induced the self-clustering of plasmonic nanogaps due to capillary forces and increased the concentration of analyte on the substrate surface \[[@B12-nanomaterials-09-01531]\]. In 2018, Wang et al. developed a 3D gold-rich nanopillar plasmonic substrate for use in SERS analyses that anchored mycotoxins via nanotags. Their work determined that the surface tension induced a leaning effect in groups of two or three adjacent nanopillars that resulted in the self-assembly of hot spots, which, in turn, significantly enhanced the SERS signal \[[@B13-nanomaterials-09-01531]\].

Some SERS substrates, typically containing materials such as TiO~2~ and ZnO, can be reused following a self-cleaning process based on the photocatalytic degradation of residual analyte. Following the SERS analysis, such substrates are exposed to either ultraviolet (UV) or visible (VIS) light to degrade residual analyte molecules, after which ions are removed using water wash. Based on this procedure, the refreshed SERS substrate can be reused several times. However, the structure and morphology of a metal layer deposited on a 3D structure are difficult to control, which results in a relatively low SERS enhancement.

In the present work, we developed a simple means of fabricating the 3D SERS substrates, based on coating silicon nanowire arrays with silver nanoparticles (Ag-NP/Si-NW). The morphology of these SERS substrates, which is critical to their performance, could be controlled using metal-assisted chemical etching (MACE) followed by photonic reduction. Herein, we discuss the formation of silver nanoparticles via photonic reduction and their contribution to the SERS enhancement. These 3D SERS substrates are also shown to be reusable after employing UV radiation to degrade dye molecules following an analysis. Finally, these 3D SERS substrates were applied for the analysis of dopamine (DA) to verify that they provide both high sensitivity and reliability.

2. Experimental Section {#sec2-nanomaterials-09-01531}
=======================

2.1. Silicon Nanowire Array Fabrication by Metal-Assisted Chemical Etching {#sec2dot1-nanomaterials-09-01531}
--------------------------------------------------------------------------

As shown in [Supporting Information, Figure S1](#app1-nanomaterials-09-01531){ref-type="app"}, n-type silicon wafers (resistivity of 1--10 Ω·cm) were ultrasonically cleaned using deionized water and ethanol. The cleaned silicon wafers were then immersed in a 5% HF solution to remove oxide layers and generate H-terminated surfaces. The wafers were immediately transferred to a solution containing 4.8 M HF and 0.005 M AgNO~3~ and held motionless for 1.5 min. After the wafer surfaces transitioned to an off-white coloration (meaning that silver nanoparticles covered the wafer surfaces at a high density), they were immersed in etching solution containing 4.8 M HF and 0.1 M H~2~O~2~. The MACE process was carried out for 30 min at room temperature to produce silicon nanowires. After this etching step, the wafers were immediately immersed in a 30 wt.% HNO~3~ solution to dissolve the Ag nanoparticles, then rinsed with deionized water.

2.2. Silver Nanoparticles Synthesized by Photonic Reduction {#sec2dot2-nanomaterials-09-01531}
-----------------------------------------------------------

In a typical synthesis, 425 mg AgNO~3~ (equivalent to 10 mM), 36.8 mg sodium citrate (equivalent to 0.5 mM), and 0.5 ml of a 40% HF solution were dissolved in 250 ml deionized water. The silicon nanowire arrays formed using the procedure described in [Section 2.1](#sec2dot1-nanomaterials-09-01531){ref-type="sec"} were then placed into an open vessel together with 15 ml of this mixture and irradiated with a UV lamp (365 nm), resulting in silicon nanowire surfaces coated with silver nanoparticles. The power density of the UV lamp was set at 46 mW/cm^2^.

2.3. SERS Analyses {#sec2dot3-nanomaterials-09-01531}
------------------

The SERS performance obtained using these Ag-NP/Si-NW arrays was assessed in conjunction with a Raman spectrometer (in Via-Reflex, Renishaw, United Kingdom) equipped with a 50× objective lens. The wavelength of the excitation laser was 532 nm and the laser power and integration time were set at 0.5 mW and 10 s, respectively. The SERS substrate was first placed in 5 mL of 10^−4^ M rhodamine 6G aqueous solution, then irradiated with UV light for 120 min while stirring with a magnetic stirrer. Finally, the SERS substrate was taken out and rinsed with deionized water and air dried, and SERS spectra were recorded for the substrate in the dry state.

2.4. Characterization {#sec2dot4-nanomaterials-09-01531}
---------------------

The structures and morphologies of the substrates were investigated by scanning electron microscopy (SEM, Hitachi S-4800, Japan) and transmission electron microscopy (TEM, Tecnai G2 F20, FEI, US), respectively. X-ray diffraction (XRD) patterns for the prepared substrates were also acquired at room temperature (D8 Advance, German), and the absorption spectra were obtained using a UV-Vis spectrophotometer (Metash UV-9000S, Shanghai, China).

3. Results and Discussion {#sec3-nanomaterials-09-01531}
=========================

[Figure 1](#nanomaterials-09-01531-f001){ref-type="fig"}a,b present cross-sectional and top-view SEM images of a silicon nanowire array formed by the MACE process. The mean length of the silicon nanowires was approximately 10 μm and the gap between each nanowire was approximately 400 nm. The overall reaction associated with the MACE process is well known and can be summarized as \[[@B14-nanomaterials-09-01531]\] $$\left. {Si} + 2H_{2}O_{2} + 6{HF}\rightarrow H_{2}{Si}F_{6} + 4H_{2}O. \right.$$

The silver nanoparticles deposited on the silicon wafer prior to chemical etching attract electrons from the silicon and thus promote the oxidation of the wafer to SiO~2~. This SiO~2~ is subsequently removed by etching with the HF to generate nanostructures on the wafer surface. This etching of the silicon is primarily the result of two reactions. The first reaction can be summarized as \[[@B15-nanomaterials-09-01531]\] $$\left. {Si} + 4{Ag}^{+} + 6F^{-}\rightarrow 4{Ag} + {Si}F_{6}^{2 -}, \right.$$ while the other is \[[@B15-nanomaterials-09-01531],[@B16-nanomaterials-09-01531]\] $$\left. 2{Ag} + H_{2}O_{2} + 2H^{+}\rightarrow 2{Ag}^{+} + 2H_{2}O. \right.$$

From Equations (2) and (3), it is evident that the HF:H~2~O~2~ ratio in the etching solution will affect the resulting morphology. According to the reaction of MACE, the Ag nanoparticles work as the catalyst. Then, the etching process is mainly determined by the volumes of HF and H~2~O~2~ \[[@B14-nanomaterials-09-01531],[@B17-nanomaterials-09-01531],[@B18-nanomaterials-09-01531]\]. The silicon is oxidized by HF at the side of the Ag nanoparticles facing the silicon, and the silicon oxide is dissolved by HF in the etching solution. This oxidation and dissolution make the etching process sustain and generate Si nanowires. As an example, in the case of an etching solution with a moderate ratio ([Figure 1](#nanomaterials-09-01531-f001){ref-type="fig"}a,b), the silicon surface will be oxidized and then etched by the HF with the assistance of the Ag nanoparticles. The oxidation/etching reaction proceeds in a continuous process, resulting in the silicon under the Ag nanoparticles gradually becoming etched to a greater depth such that silicon nanowires are eventually formed. However, at a higher HF:H~2~O~2~ ratio, reaction (2) will become dominant over reaction (3), such that silver atoms will be generated faster than these atoms can dissolve until the H~2~O~2~ is completely consumed. The silver atoms produced in this manner will form new silver nanoparticles that trigger the etching of the silicon sidewalls, such that the etching direction is no longer controlled. This uncontrollable etching process induces both vertical and lateral etching, resulting in an irregular silicon structure ([Figure 1](#nanomaterials-09-01531-f001){ref-type="fig"}c,d) \[[@B19-nanomaterials-09-01531]\].

Before photonic reduction, the Ag^+^ precursor must permeate to the bottom of the silicon nanowire. Therefore, a trace of HF was added in the precursor solution to ensure that the silver nanoparticles would form over the entirety of the sidewalls of the silicon nanowires during UV irradiation. [Figure 2](#nanomaterials-09-01531-f002){ref-type="fig"}a demonstrates that silver particles were indeed formed at the bottom of the nanowires and were, in fact, much larger than those formed on the sidewalls. This effect can be explained by considering that the concentration of HF in the Ag^+^ precursor solution was insufficient to promote continuous silicon etching. The HF preferentially reacted with silicon and Ag^+^ to form Ag particles on the silicon wafer surfaces having a (100) orientation because of the higher probability of electrons being captured by metal ions on these surfaces \[[@B15-nanomaterials-09-01531],[@B19-nanomaterials-09-01531],[@B20-nanomaterials-09-01531]\]. [Figure 2](#nanomaterials-09-01531-f002){ref-type="fig"}b--d present the morphologies of the Ag-NP/Si-NW arrays obtained following different UV irradiation times. With increasing irradiation time, more silver nanoparticles were found to cover the silicon nanowires, and the mean size of these nanoparticles also increased. This occurred because the Ag^+^ ions attracted electrons from citrate and were reduced to Ag(0) in response to the UV irradiation \[[@B21-nanomaterials-09-01531]\]. Eventually, the Ag nanoparticles on the tips of the silicon nanowire array became four times larger than those on the silicon nanowire sidewalls ([Figure 2](#nanomaterials-09-01531-f002){ref-type="fig"}d and [Supporting Information, Figure S2](#app1-nanomaterials-09-01531){ref-type="app"}). This size difference is ascribed to the limited space in the gaps between the nanowires that restricted the growth of silver nanoparticles, as well as the blocking of incident photons by the Ag nanoparticles formed on the tips. As a result of this blocking effect, the generation of silver atoms in the gaps between the nanowires occurred primarily as a result of scattered UV light \[[@B22-nanomaterials-09-01531]\].

[Figure 3](#nanomaterials-09-01531-f003){ref-type="fig"} demonstrates the photonic reduction of silver nanoparticles for various Ag^+^ concentrations under UV irradiation. The nanoparticle size evidently increased as the concentration of Ag^+^ was increased. The presence of citrate ions limited the Ag nanoparticle growth at lower Ag^+^ concentrations, while larger particles were obtained at higher Ag^+^ concentrations, as a result of the aggregation of smaller silver nanoparticles \[[@B2-nanomaterials-09-01531],[@B23-nanomaterials-09-01531]\]. At an Ag^+^ concentration of 10 mM, the silver particles grew away from the silicon nanowire array surface to form branched silver dendrites that were vertically embedded in the array. These dendrites were due to the aggregation of small groups of silver nanoparticles in self-supporting configurations. Notably, these branched silver dendrites contained nanogaps and neck-like areas due to the random aggregation of silver nanoparticles \[[@B2-nanomaterials-09-01531],[@B24-nanomaterials-09-01531]\].

[Figure 4](#nanomaterials-09-01531-f004){ref-type="fig"} shows TEM images and an energy-dispersive X-ray spectroscopy (EDS) map of the Ag-NP/Si-NW array produced using the MACE with subsequent photonic reduction. The TEM image clearly shows silver nanoparticles attached to the tips and sidewalls of the silicon nanowires. [Figure 4](#nanomaterials-09-01531-f004){ref-type="fig"}b--e present EDS maps for Si, Ag, and O. These data confirm that silicon was situated in the middle of the structure as the backbone, with silver surrounding the silicon nanowires to form the Ag-NP/Si-NW. The distribution of silver on the silicon nanowires is not homogenous, due to the low concentration of the silver nanoparticles. It should also be noted that, because the Si nanowire array was not treated with HF after the MACE process to remove the oxidation layer, O was also detected by EDS on the outer layers of the nanowires. In prior work, this oxidation layer has been shown to affect the photoluminescence properties of the material \[[@B17-nanomaterials-09-01531],[@B25-nanomaterials-09-01531],[@B26-nanomaterials-09-01531]\]. XRD analysis of an Ag-NP/Si-NW array produced sharp peaks that can be assigned to diffraction from the (111), (200), (220), and (311) planes of face-centered cubic (FCC) silver \[[@B27-nanomaterials-09-01531]\]. Additionally, the broad peak centered at 69° resulting from silicon and slightly shifted from 70° is associated with diffraction from (400) planes, which indicates that the silicon was in the form of a nanowire array \[[@B28-nanomaterials-09-01531]\].

The performance of these Ag-NP/Si-NW array SERS substrates was examined using Rhodamine (R6G) solutions and DA as model compounds. [Figure 5](#nanomaterials-09-01531-f005){ref-type="fig"}a presents the Raman spectra obtained from R6G solutions having concentrations from 10^−5^ to 10^−9^ M on an Ag-NP/Si-NW array fabricated using the MACE process followed by photonic reduction with UV irradiation for 10 min. The Raman intensity for the R6G solution naturally decreased with decreasing concentration, and Raman peaks could no longer be identified at 10^−9^ M R6G. To quantitatively evaluate the performance of the SERS substrate, the analytical EF value was calculated using \[[@B29-nanomaterials-09-01531]\] $${EF} = \left( {I_{SERS}/I_{OR}} \right)/\left( {C_{SERS}/C_{OR}} \right)$$ where I~SERS~ and I~OR~ correspond to the Raman intensities for R6G on an Ag-NP/Si-NW array SERS substrate and a silicon wafer at the detection limits, respectively, and C~SERS~ and C~OR~ are the R6G concentrations at the detection limits on the Ag-NP/Si-NW array SERS substrate and silicon wafer, respectively. The Raman spectrum produced by R6G on a silicon wafer is provided in [Supporting Information, Figure S3](#app1-nanomaterials-09-01531){ref-type="app"}. It is notable that under 532 nm laser irradiation, R6G would be resonantly excited as R6G has a strong absorption near this wavelength \[[@B30-nanomaterials-09-01531]\]. However, the resonant Raman intensity is proportional to the number of R6G molecules \[[@B31-nanomaterials-09-01531]\]. Compared to SERS, the resonant Raman intensity is quite weak when the concentration of R6G is about 10^−9^ M. Therefore, we ignored the resonant Raman effect when we calculated the SERS enhancement factor. In addition, because the SERS substrate we prepared was a three-dimensional substrate (the number of excited molecules in the vertical direction is difficult to estimate, because the number cannot be directly deduced from experimental results), the SERS EF of the substrate was calculated by the detection limit of concentration instead of molecule numbers. According to Equation (4), the SERS EF associated with the Ag-NP/Si-NW array was determined to be as high as 1.4 × 10^8^. In addition, we investigated variations in the Raman intensity obtained from R6G on the Ag-NP/Si-NW array fabricated using different UV irradiation times, as shown in [Figure 5](#nanomaterials-09-01531-f005){ref-type="fig"}b. The Raman intensity increased with UV irradiation time because more silver nanoparticles were generated on the silicon nanowires, which, in turn, increased the total quantity of excited R6G molecules. Notably, the increase in Raman intensity was especially enhanced after 6 min UV irradiation (Region II in [Figure 5](#nanomaterials-09-01531-f005){ref-type="fig"}b). This acceleration of the Raman intensity is attributed to hot spots generated in the spaces between adjacent silver nanoparticles on the branched silver dendrites. These spots effectively enhance the local electric field and boost the emission from analyte molecules in the nanogap and neck areas. This effect has also been demonstrated in previous studies ([Supporting Information, Figure S4](#app1-nanomaterials-09-01531){ref-type="app"}) \[[@B2-nanomaterials-09-01531],[@B11-nanomaterials-09-01531],[@B32-nanomaterials-09-01531],[@B33-nanomaterials-09-01531]\]. Finally, we used the Ag-NP/Si-NW as a SERS substrate for the detection of the neurotransmitter DA. [Figure 5](#nanomaterials-09-01531-f005){ref-type="fig"}c shows the Raman spectrum obtained from a 10^−5^ M DA solution using our prepared SERS substrate, and the detection limit is lower than 10^−7^ M DA solution (Supporting information, [Figure S5](#app1-nanomaterials-09-01531){ref-type="app"}). The main Raman peaks of DA were successfully identified, including those at 1106, 1554, and 1630 cm^−1^ ascribed to the in-plane --OH bending vibration, and the in-plane bending vibration arising from the benzene ring and hydroxyl, respectively \[[@B34-nanomaterials-09-01531],[@B35-nanomaterials-09-01531]\].

Reusability of the SERS substrate has become of interest in recent years, as recycling SERS substrates reduces costs. After a measurement is performed, the SERS substrate can be treated using several methods, including heating or acid cleaning, to eliminate the analyte in preparation for the next measurement \[[@B36-nanomaterials-09-01531],[@B37-nanomaterials-09-01531]\]. In prior work, dye molecules on a silicon nanowire array were decomposed by photocatalytic degradation with the assistance of metal nanoparticles, to permit the self-cleaning of a SERS substrate \[[@B38-nanomaterials-09-01531]\]. To illustrate the reusability of the present Ag-NP/Si-NW array, we investigated reuse via the photocatalytic degradation for R6G molecules.

[Figure 6](#nanomaterials-09-01531-f006){ref-type="fig"}a shows the UV-vis absorption spectra of an R6G solution during photocatalytic degradation over various time spans using the Ag-NP/Si-NW array. The maximum absorbance of R6G is located at 526 nm, and this peak decreased in intensity as the UV irradiation time was prolonged. In a metal--semiconductor catalysis system, photocatalytic degradation primarily depends on the electron transfer process. Due to the wide energy band and high recombination rate of electrons and holes in the silicon nanowires under UV irradiation, the silver nanoparticles were used as an accelerant to enhance the photocatalytic activity. Specifically, under UV irradiation, both electrons and holes were generated in the silicon nanowires, after which the electrons were transferred to these nanoparticles because the Fermi level of these nanoparticles (--1.8 V) was below the conduction band of the silicon nanowires (--0.69 V) \[[@B39-nanomaterials-09-01531],[@B40-nanomaterials-09-01531]\]. The photogenerated electrons reacted with O~2~ absorbed on the Ag nanoparticles to form superoxide radical ions $O_{2}^{\bullet -}$, and subsequently produced $HO_{2}^{\bullet}$ and $OH_{}^{\bullet}$ radicals. In addition, holes in the valence band of the silicon nanowires received electrons from water and generated $HO_{}^{\bullet}$ radicals. These oxidants caused rapid degradation of the R6G molecules without damaging the structure of the Ag-NP/Si-NW array ([Supporting Information, Figure S6](#app1-nanomaterials-09-01531){ref-type="app"}) \[[@B28-nanomaterials-09-01531],[@B39-nanomaterials-09-01531]\].

To illustrate the reusability of the Ag-NP/Si-NW array by self-cleaning, the used SERS substrate was exposed to UV irradiation for 120 min and then again applied to the analysis of R6G. [Figure 6](#nanomaterials-09-01531-f006){ref-type="fig"}b demonstrates the disappearance of the characteristic R6G after the UV light cleaning, indicating that the R6G molecules were decomposed by active oxidants on the Ag-NP/Si-NW array. For comparison purposes, a used SERS substrate was instead immersed in deionized water in a dark room for 120 min. Raman peaks due to R6G were subsequently identified, confirming that the R6G molecules had not been removed. The reusability of our SERS substrate was also assessed using DA. Similar results confirmed the removal of the DA, with much less intense Raman peaks after 120 min UV photodegradation compared to 60 min UV photodegradation ([Supporting Information, Figure S7](#app1-nanomaterials-09-01531){ref-type="app"}). Thus, we can conclude that the R6G and DA molecules were detached from the Ag-NP/Si-NW array by photocatalytic degradation under UV irradiation, enabling us to reuse the array for repeated SERS measurements.

4. Conclusions {#sec4-nanomaterials-09-01531}
==============

Reusable 3D SERS substrates based on Ag-NP/Si-NW arrays were fabricated and found to allow the analysis of DA at low concentrations. The silicon nanowire arrays in these substrates were fabricated using the MACE process, and subsequently coated with Ag nanoparticles by photonic reduction. Because these substrates generated hot spots along the sidewalls of the silicon nanowires, the EF associated with SERS analyses used was as high as 1 × 10^8^. These substrates could also be reused following self-cleaning under UV radiation. This novel 3D SERS substrate concept could potentially allow the fabrication of low-cost, sensitive, and reusable SERS sensors.
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![(**a**,**c**) Cross-sectional and (**b**,**d**) top SEM images of silicon morphology following metal-assisted chemical etching (MACE) procedure. (**a**,**b**) Silicon nanowire array etched with 4.8 M HF and 0.1 M H~2~O~2~. (**c**,**d**) Irregular silicon structure etched with 4.8 M HF and 10 M H~2~O~2~.](nanomaterials-09-01531-g001){#nanomaterials-09-01531-f001}

###### 

(**a**) SEM images of silicon nanowires covered with Ag particles at bottom of silicon nanowire array. (**b**--**d**) SEM images of silicon nanowire array coated with silver nanoparticles following UV irradiation for 2, 5, and 10 min, respectively. The concentration of Ag^+^ in the solution was 2.5 mM.
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![SEM images of silicon nanowire arrays coated with silver nanoparticles using Ag^+^ solutions with concentrations of (**a**) 1.25, (**b**) 2.5, (**c**) 5, and (**d**) 10 mM in conjunction with a UV irradiation time of 10 min.](nanomaterials-09-01531-g003){#nanomaterials-09-01531-f003}

![(**a**) TEM image of silicon nanowire array coated with silver nanoparticles. (**b**--**e**) EDS mapping images of this array: (**b**) combined Ag, Si, and O map; (**c**) Ag map; (**d**) Si map; (**e**) O map. (f) XRD pattern obtained from this array. The Ag^+^ concentration used was 1.25 mM and the UV irradiation time was 10 min.](nanomaterials-09-01531-g004){#nanomaterials-09-01531-f004}

![(**a**) Surface-enhanced Raman spectroscopy (SERS) spectra of Rhodamine (R6G) solutions with different concentrations on silicon nanowires coated with silver nanoparticles. (**b**) Raman intensity at 612 cm^−1^ for 10^−5^ M R6G as a function of UV irradiation time. (**c**) Raman spectrum of 10^−5^ M dopamine hydrochloride solution. The laser power for dopamine (DA) Raman measurement was 0.01 mW.](nanomaterials-09-01531-g005){#nanomaterials-09-01531-f005}

![(**a**) UV-Vis absorption spectra of R6G solutions following UV irradiation with different times on the surface of Ag nanoparticle-coated silicon nanowire array. (**b**) Raman spectra of 10^−4^ M R6G solution before (black) and after (red) 120 min UV photocatalytic degradation.](nanomaterials-09-01531-g006){#nanomaterials-09-01531-f006}
